Bacteriophages (phages) defend mucosal surfaces against bacterial infections. However, their complex interactions with their bacterial hosts and with the mucus-covered epithelium remain mostly unexplored. Our previous work demonstrated that T4 phage with Hoc proteins exposed on their capsid adhered to mucin glycoproteins and protected mucus-producing tissue culture cells in vitro. On this basis, we proposed our bacteriophage adherence to mucus (BAM) model of immunity. Here, to test this model, we developed a microfluidic device (chip) that emulates a mucosal surface experiencing constant fluid flow and mucin secretion dynamics. Using mucus-producing human cells and Escherichia coli in the chip, we observed similar accumulation and persistence of mucus-adherent T4 phage and nonadherent T4Δhoc phage in the mucus. Nevertheless, T4 phage reduced bacterial colonization of the epithelium >4,000-fold compared with T4Δhoc phage. This suggests that phage adherence to mucus increases encounters with bacterial hosts by some other mechanism. Phages are traditionally thought to be completely dependent on normal diffusion, driven by random Brownian motion, for host contact. We demonstrated that T4 phage particles displayed subdiffusive motion in mucus, whereas T4Δhoc particles displayed normal diffusion. Experiments and modeling indicate that subdiffusive motion increases phage-host encounters when bacterial concentration is low. By concentrating phages in an optimal mucus zone, subdiffusion increases their host encounters and antimicrobial action. Our revised BAM model proposes that the fundamental mechanism of mucosal immunity is subdiffusion resulting from adherence to mucus. These findings suggest intriguing possibilities for engineering phages to manipulate and personalize the mucosal microbiome.
Bacteriophages (phages) defend mucosal surfaces against bacterial infections. However, their complex interactions with their bacterial hosts and with the mucus-covered epithelium remain mostly unexplored. Our previous work demonstrated that T4 phage with Hoc proteins exposed on their capsid adhered to mucin glycoproteins and protected mucus-producing tissue culture cells in vitro. On this basis, we proposed our bacteriophage adherence to mucus (BAM) model of immunity. Here, to test this model, we developed a microfluidic device (chip) that emulates a mucosal surface experiencing constant fluid flow and mucin secretion dynamics. Using mucus-producing human cells and Escherichia coli in the chip, we observed similar accumulation and persistence of mucus-adherent T4 phage and nonadherent T4Δhoc phage in the mucus. Nevertheless, T4 phage reduced bacterial colonization of the epithelium >4,000-fold compared with T4Δhoc phage. This suggests that phage adherence to mucus increases encounters with bacterial hosts by some other mechanism. Phages are traditionally thought to be completely dependent on normal diffusion, driven by random Brownian motion, for host contact. We demonstrated that T4 phage particles displayed subdiffusive motion in mucus, whereas T4Δhoc particles displayed normal diffusion. Experiments and modeling indicate that subdiffusive motion increases phage-host encounters when bacterial concentration is low. By concentrating phages in an optimal mucus zone, subdiffusion increases their host encounters and antimicrobial action. Our revised BAM model proposes that the fundamental mechanism of mucosal immunity is subdiffusion resulting from adherence to mucus. These findings suggest intriguing possibilities for engineering phages to manipulate and personalize the mucosal microbiome.
BAM | virus | mucus | subdiffusion | search strategy I n all animals, mucosal surfaces provide critical immunological services by both protecting against invading bacterial pathogens and supporting large communities of commensal microorganisms (1, 2) . Being exposed to the environment, mucosal surfaces are also the infection sites for many important bacterial diseases, including acute diarrhea and cystic fibrosis in humans. This, combined with their accessibility, make mucosal surfaces attractive venues for phage therapy; that is, the use of bacteriophages (phages) to treat and clear bacterial infections (3, 4) . Clinical success so far has been erratic (5) . The complexities and dynamics of the mucus layer are rarely considered, and the activity of phages therein is mostly unknown. Not surprisingly, phages effective in vitro do not consistently reduce mucosal bacterial host levels in vivo (6, 7) . An understanding of the interactions between phages and their bacterial hosts within the relevant physiological environment is critical for consistent success of phage therapy applications.
The multilayered mucus is composed primarily of gel-forming mucin glycoproteins that are continually secreted by the underlying epithelium (8) . The mucins self-organize to form a mesh that moves constantly outward from the epithelium, propelled by the ongoing secretion of mucin below (9) . As the mucus migrates outward, the mucin concentration decreases and the mesh size (a measure of the distance between neighboring mucin strands) increases. Concurrently, the mucus is degraded by microbial proteases and subjected to shear forces that cause sloughing of the outermost layer (10) . Despite this constant outward flux, in a diverse array of animals, phages are enriched on the mucosal surfaces compared with the surrounding milieu (11, 12) . Previous in vitro experiments using a T4 phage model (particle size ∼200 nm) demonstrated that this phage adhered to mucus via weak binding between Ig-like domains of the highly antigenic outer capsid protein (Hoc) and the abundant glycans of the mucin glycoproteins (11, 12) . Moreover, T4 phage adhering to the mucus layer of tissue culture cells protected the underlying epithelium from bacterial infection. On this basis, we proposed the bacteriophage adherence to mucus (BAM) model, whereby phages adhere to the mucosal surfaces of animals and provide a nonhost-derived layer of immunity.
Significance
Bacteriophages (phages) are viruses that infect and kill bacteria. Being inanimate, phages rely on diffusion to search for bacterial prey. Here we demonstrate that a phage that adheres weakly to mucus exhibits subdiffusive motion, not normal diffusion, in mucosal surfaces. Supporting theory and experiments revealed that subdiffusive motion increases bacterial encounter rates for phages when bacterial concentration is low. To the best of our knowledge, no other predator has been shown to effectively use a subdiffusive search mechanism. Mucosal surfaces are vulnerable to infection. Mucus-adherent phages reduce bacterial infection of lifelike mucosal surfaces more effectively than nonadherent phages. These findings provide a basis for engineering adherent phages to manipulate mucosal surface microbiomes for protection from infection and other purposes.
Results
Dynamic Mucus Environment on a Chip. Deciphering the role of phagebacterial-host interactions in mucosal infections has been hindered by the lack of a reproducible, dynamic, and lifelike experimental mucosal surface. To fill this gap, we developed a microfluidic device (chip) that emulates the microenvironment of a mucus-producing epithelial surface experiencing constant fluid flow across its surface. We used these chips to study the ability of phages to persist in the mucus layer and to protect the epithelium from infection. The chips were made of poly(dimethylsiloxane) and consisted of a single microfluidic channel, with in and out ports, attached to a glass microscope slide (Fig. 1A) . Mucus-producing, human lung epithelial cells were seeded into the channel and allowed to attach to the glass surface. Tissue culture media was perfused through up to nine chips simultaneously for 7 d before all experiments. We maintained a lower flow rate (40 μL·h ) for the following 3 d and for all experiments to mimic the in vivo fluid flow and shear stresses (13, 14) . These conditions consistently provided a confluent epithelial cell layer that exhibited mucus secretion and turnover dynamics ( Fig. 1 B-E) .
Interactions Among Bacteria, Phages, and Mucus on a Chip. We investigated the trilateral interactions among bacteria, phages, and mucosal epithelial cells, using these chip microenvironments. For our model system, we used mucus-producing human lung epithelial cells, T4 phages, and a T4 phage host, Escherichia coli B (E. coli). The phages included a mucus-adherent T4 phage (T4) and a T4 Hoc deletion mutant (T4Δhoc). T4Δhoc does not have the Hoc protein exposed on its capsid and does not adhere to mucus, but is otherwise a normal, infective T4 phage (15) . To assay for antibacterial activity of the phages in the mucus layer, we perfused chips with media containing T4 phage (10 7 mL
), T4Δhoc phage (10 7 mL
), or no phage for 24 h to saturate the mucosal epithelium. Those phage that were not enmeshed within the mucus layer were removed by subsequent perfusion with phage-free media for 1 h. We then inoculated each chip by introducing ∼10 7 bacteria into the input port, followed immediately by perfusion with phage-and bacteria-free media. Perfusion was continued for 18 h to allow time for both the bacteria and phage to replicate within the mucus layer. We then scraped the mucus-covered epithelium from the glass and titered both the phage and the bacteria present (Fig. 1F) . The continual fluid flow during these infection experiments allowed us to selectively observe bacterial and phage replication taking place within the mucus, as both the surrounding fluid and the sloughed mucus layers were continually washed away from the attached cells. Both the T4 and T4Δhoc phage populations actively infected and replicated in the E. coli present. Chips pretreated with T4 phage showed a significant antimicrobial effect, with a >4,000-fold reduction in bacterial abundance compared with the no-phage control; the chips treated with T4Δhoc showed no significant difference from the no-phage control.
Why did only the mucus-adherent T4 phage protect the in vitro epithelial surface from bacterial infection? Our initial BAM model proposed that the enrichment of phages in mucosal surfaces depended on the binding of the Ig-like Hoc proteins exposed on T4 phage capsids to mucin glycans (11) . Thus, the difference in antimicrobial effect observed here might be a result of T4 phage accumulating to a higher abundance or persisting longer within the mucus layer. The first possibility was contradicted by the results of the previous experiment (Fig. 1F) , with both phages accumulating to comparable abundance in the chips. To test the second, chips were perfused with either T4 or T4Δhoc phage (10 7 mL
) for 24 h, after which they were perfused with phage-free media for 6 h while phage detachment was monitored (Fig. 1G ). Phage detachment was rapid during the first hour, with comparable numbers of T4 and T4Δhoc phage particles released. By this point, a large portion of the phage particles had already detached, and the subsequent 5 h showed the release of far fewer, with a slightly higher number of T4 phage particles recovered in the perfused media. Because T4 and T4Δhoc phage show the same patterns of accumulation and persistence on a lifelike mucosal surface, irrespective of Hocmediated adherence, some other mechanism must account for the observed disparity between their antibacterial effects. More generally, these observations indicate that phage abundance in mucus layers is governed by mucus secretion and turnover dynamics, rather than by the ability of phages to adhere specifically to mucus.
Diffusion of Phages in Mucin Solutions. Phages are inert particles dependent on random diffusion driven by Brownian motion to bring about their chance encounters with a bacterial host (16) . Because of the key role of diffusion in phage reproductive success, we investigated the diffusive properties of T4 and T4Δhoc phage in mucus. Using high-speed multiple particle tracking, we observed the diffusion of both phage types across a range of physiological mucin concentrations: 0%, 0.2%, 0.6%, 1%, 2%, and 4% (wt/vol) mucin in buffer, with 4% representing the highest concentration typically found in a mucosal layer (17) . Fluorescence-labeled phages were mixed with a homogenous mucin solution in a well depression on a microscope slide, and their diffusion was microscopically recorded at a temporal resolution of 43.5 ms. Individual phage particle Close-up of a single chip bonded to a glass microscope slide with microfluidic tubing attached to the in and out ports. (F) Phage therapy experiment. Cell layers were pretreated with T4 or T4Δhoc phage for 12 h, washed for 1 h, and then inoculated with E. coli. Cells with mucus layer were harvested 18 h later, and both the phages and bacteria present were titered (PFU and CFU). (G) Phage detachment. Cell layers were pretreated with T4 or T4Δhoc phage for 12 h and then washed with phage-free media for 6 h, during which time the number of released phages was monitored by titering (PFU).
trajectories were manually tracked, and their effective diffusion constants (μm 2 /s) were calculated ( Fig. 2A ) (18) . The effective diffusion constant (K) of both phages was comparable in 0% mucin (buffer). Diffusion decreased with increasing mucin concentration for both phages, with T4 phage being slowed more markedly in 0.6% and 1% mucin than T4Δhoc phage. Specifically, diffusion of T4 phage was 21% less than T4Δhoc phage in 0.6% mucin and 29% less in 1% mucin. At 4% mucin, both phage particle types were effectively "trapped" in the mucin solution. The higher temporal resolution and improved multiple particle tracking methodologies used here yielded lower diffusion constants than previously reported (SI Appendix) (11).
Subdiffusion of Mucus-Adherent Phages. The diffusive movement of phages can be modeled as a random walk, where the calculated mean square displacement (MSD) of a phage particle represents the area "explored" by the random walker. During normal, Brownian-driven diffusion, a particle's average position remains unchanged while its MSD increases linearly with time (τ); that is, MSD (τ) = Kτ. However, it is known that within viscoelastic fluids and environments, diffusion can exhibit anomalous characteristics over time, being either enhanced (superdiffusion) or hindered (subdiffusion) (19, 20) . Anomalous diffusion is characterized by a nonlinear relationship between a particle's MSD and time (τ) that can be expressed with the power law exponent alpha (α), where MSD (τ) = Kτ α (21, 22) . For normal diffusion, α = 1, although superdiffusion is defined by α > 1 and subdiffusion by α < 1.
The effective diffusion constant (K) ( Fig. 2A ) and the diffusion exponent (α) are separate and independent phenomena in the sense that one cannot be taken as indicating the other. To investigate the nature of the observed diffusion of phage particles, we calculated the diffusion exponents (α) from our multiple particle tracking experiments for both phage types at all mucin concentrations (Fig.  2B ). For this, we measured the ensemble-averaged MSD (SI Appendix) over time and then derived the values of α from the slope of the line of best fit for each phage-mucin combination ( Fig. 3 and SI Appendix, Fig. S1 ). Both phages displayed normal diffusion (i.e., α ∼ 1) in 0% mucin. As mucin concentrations increased, T4 phage showed a clear subdiffusive signal in 0.6% and 1% mucin solutions (α = 0.82 ± 0.02 and α = 0.82 ± 0.01, respectively), whereas T4Δhoc maintained normal diffusion (α = 1.01 ± 0.01 and α = 1.02 ± 0.02, respectively). At even higher mucin concentrations (4% mucin), both phage particle types showed a comparable subdiffusive signal (α = 0.86 ± 0.02 and α = 0.89 ± 0.02 for T4 and T4Δhoc phage, respectively).
This experimental system provides a much-sought positive control for subdiffusion research that possesses two previously lacking properties: tunability and mechanism (23, 24) . Tunability here is the ability to continuously adjust the mucin concentration, and thereby effect a corresponding change in the degree of subdiffusion (the exponent α). A potential mechanism is provided by the transient binding of the Hoc proteins covering the T4 phage capsids to the ubiquitous mucin glycans.
Theoretical Implications of Phage Subdiffusion in Mucus. Subdiffusion has been observed in a wide variety of complex biological processes, including the intracellular transport of proteins and nucleic acids. In such situations, one might naively predict the slower diffusion would slow vital processes, as it might take longer for enzymes to "find" substrates or for transcription factors to locate their DNA binding sites. Instead, subdiffusion has been shown to dramatically increase the rate of productive intracellular encounters (23, 25) . This is attributed to the search dynamics of subdiffusive particles. These particles remain closer to their initial position during any interval of time, thereby exploring the local area more thoroughly than if moving by normal diffusion (19, 26) .
To consider the implications of subdiffusion for phages in mucus, we developed a simple model and compared the theoretical search efficiency for phage particles using normal Brownian motion versus subdiffusive motion (Fig. 4 ). Comparisons were made over a range of bacterial concentrations and mucus layer thicknesses, two factors that influence the likelihood that any phage particle will encounter a host bacterium before it leaves the mucus. Because increasing the bacterial concentration decreases the area a phage particle must search on average to locate a host, the frequency of phage-bacterial collisions rises with increasing bacterial concentration. The frequency of encounters also depends on the specific search pattern used (27, 28) . Phage particles moving by subdiffusion search their local area more thoroughly, independent of bacterial concentration. The other key factor is how long a phage particle remains in the bacteria-enriched mucus before it is sloughed or diffuses out of the mucus layer. The thicker the layer, the longer time, on average, it will remain in the mucus, and thus the more opportunities for collision with a potential host. The interplay of both of these factors with the diffusion exponent α predicts that a subdiffusive phage particle will explore the mucus layer more thoroughly and remain in the subdiffusive zone (Discussion) longer than one moving by normal diffusion (Fig. 4 and SI Appendix). Further, the model predicts greater benefits of subdiffusive motion at lower bacterial concentrations, where phagebacterial collisions are rare (26, 29) . At high bacterial concentrations, where collisions are frequent, more efficient searching by subdiffusion motion is expected to have little effect. Likewise, with thin mucus layers, both subdiffusive and normally diffusive phage particles would be quickly lost from the mucus.
Experimental Verification of Benefit of Subdiffusive Motion. A major challenge in interpreting observations of subdiffusive motion in biological systems is the experimental demonstration of a conferred benefit (23). Here we used the classical adsorption assay (16, 30, 31) to test whether subdiffusion of T4 phage increased their rate of adsorption to bacterial hosts. We compared adsorption of T4 and T4Δhoc phage under conditions where our model predicted a subdiffusive search would be beneficial (i.e., low bacterial densities in 1% mucin). Experimental conditions were selected on the basis of the previously determined adsorption constant of T4 and other T-even phages: 2.4 × 10 −9 mL/min (31). Either T4 or T4Δhoc phage was added to control (0%) or 1% mucin solutions containing E. coli to give a final concentration of 2 × 10 5 phage particles·mL . At these concentrations, ∼22% of phage particles were predicted to adsorb to a bacterial host during a 10-min period (SI Appendix). The suspensions were sampled every 2 min. Chloroform was immediately added to each sample to rapidly destroy all of the bacterial cells and halt phage adsorption. The number of free phage particles in each sample was counted and used to calculate the adsorption constant (k) of T4 and T4Δhoc phage in both 1% mucin and control solutions (32) . The adsorption of T4 phage was significantly higher in the 1% mucin solution (k = 4.7 × 10 −9 mL/min; n = 6; t = −4.2; P < 0.001) than in the control (k = 2.3 × 10 −9 mL/min; Fig. 5A ). In contrast, there was no significant difference in the adsorption of the T4Δhoc phage between the 1% mucin (k = 2.6 × 10 −9 mL/min; n = 6; t = −1.2; P = 0.22) and the control (k = 2.1 × 10 −9 mL/min; Fig. 5B ). Because our model predicted that the benefit of a subdiffusive search would decrease with increasing bacterial concentration, we repeated these adsorption assays at a higher bacterial density (7 × 10 7 mL
), where ∼80% of phage particles were predicted to adsorb during a 10-min period. Here neither T4 nor T4Δhoc phage showed increased adsorption in 1% mucin (SI Appendix, Fig. S2 ).
Discussion
The search for a specific target is a ubiquitous process throughout biology. At the microscopic scale, molecules such as enzymes and repressor proteins perform site-specific searches within a cell; at the macroscopic scale, animals search for food (26, 27) . Many predators possess prior knowledge of where prey are located, and can also use their senses to further direct their movement when hunting. For phages, the search for a susceptible bacterial host is effectively "blind." When limited to random searching, the chance for a successful predator-prey encounter depends largely on the search strategy used (33) . In this situation, many motile predators, ranging from microbes to humans, use Lévy flight, a superdiffusive search strategy, to increase their success (28, 34, 35) . To the best of our knowledge, no organism has been shown to use a subdiffusive search strategy to the same effect. Phage particles, being inanimate and small (capsid diameters ∼20-200 nm), act as colloidal particles subject to Brownian motion. Our study shows that the mucusadherent T4 phage uses subdiffusive motion in mucus to increase the frequency of host encounters.
Earlier work had predicted interactions between the T4 phage Hoc protein and mammalian organisms (36, 37) . Subsequently, we demonstrated that the Hoc proteins exposed on the T4 capsid bind to the mucin glycoproteins (11) . The Hoc-bearing phages were enriched in mucus, reduced the bacterial load, and protected the underlying epithelial cells from infection, effects that we attributed to the putative mucin-binding activity of the Hoc protein (11) . However, T4 and T4Δhoc phage particles also carry different capsid charges, as evidenced by their different electrophoretic mobilities (38) . We cannot currently rule out the possibility that the observed BAM effects are a result of these charge differences rather than to Hoc binding to the mucins, but our previous results demonstrating high structural homology between the T4 Hoc protein and known glycan-binding proteins support the mucinbinding mechanism (11) .
Our previous work using an in vitro model system could not show a statistical difference between T4 and T4Δhoc phage in either their adherence to mucus-producing cells or their antimicrobial effect (11) . Here we compared their adherence using a lifelike mucosal surface with fluid flow dynamics and found little difference in either their accumulation or their persistence in the mucosal surface. Therefore, we revise our initial hypothesis, that phage enrichment in mucus occurs via binding interactions, and conclude that the mucus mesh traps both phage types comparably and that phage persistence in mucus is likely governed by mucus secretion and microbial infection dynamics. Regarding their antimicrobial effect, we report a >4,000-fold greater effect for T4 phage than for T4Δhoc phage in a mucosal surface.
On the basis of integration of our previous and current research findings, we have incorporated subdiffusion into our proposed BAM model of immunity. T4 phage with its glycan-binding Hoc proteins exploits the benefits of subdiffusive motion under specific, physiologically relevant mucin concentrations. Subdiffusion of T4 phage particles, but not T4Δhoc particles, was observed in 0.2-1% (wt/vol) mucin. At these concentrations, transient binding to mucins slowed, but did not arrest, T4 phage particles and shifted their motion from normal Brownian motion to subdiffusion. Phage-host encounters assayed in vitro in 1% mucin increased at low, but not high, bacterial concentrations.
As mucin concentration increases (e.g., 4% mucin), the mesh size of the mucin network decreases, likely approaching the capsid diameters of both phage types. As a result, the dense mucus network elicits subdiffusion of both phages, a phenomenon known to occur with particles in viscoelastic fluids such as mucus (39, 40) . Advantage of subddifusive motion Fig. 4 . Theoretical advantage of a phage-host encounter for a phage particle, using subdiffusive motion compared with Brownian motion across a range of bacterial concentrations and mucus layer thickness. Color scale indicates the ratio of probabilities of bacterial encounter for a subdiffusive phage (α = 0.82) versus a normally diffusing phage (α = 1). The ratio ranges from 19 (black) to 1 (white). Subdiffusion at high mucin concentration is accompanied by very restricted diffusivity of both T4 and T4Δhoc phage particles (SI Appendix), which masks the differential effect of transient mucin binding by T4 phage particles. Subdiffusion under these conditions is not predicted to benefit phages. According to our current BAM model, a mucus-adherent phage particle that diffuses into a mucosal surface first encounters the region with the lowest mucin concentration and the most open mucin mesh. If it diffuses closer to the epithelium, mucin concentration increases and its diffusivity decreases. At the critical concentration, diffusion of these particles transitions to subdiffusion. More particles diffuse from the outer region into this subdiffusive zone per unit time than diffuse back out, resulting in their accumulation here (Fig. 6A) . Those that diffuse still closer to the epithelium may become temporarily trapped in the more concentrated mucus, but the outward flux of the secreted mucins eventually carries them back into the subdiffusive zone. Within this zone, only the mucus-adherent phage particles transiently bind the mucin network, and this induces the subdiffusive motion that allows them to explore the network more thoroughly. When a resultant phage-host encounter leads to a productive lytic infection, subdiffusion keeps the progeny particles released by host lysis within this zone longer. These two factors contribute to the increase in phage-host encounters that was observed in vitro at low bacterial concentration. However, as the concentration of bacteria increases, so does the chance of random phage-host encounters (31, 41) . These encounters become so frequent that they mask the benefit provided by subdiffusive motion that was evident at lower bacterial density.
In vivo mucosal surfaces are undoubtedly more complex than our simulated mucus environments. When considering that the in vivo diversity of bacterial host and even greater diversity of phage strains lowers the probability of a successful phage-host encounter, the implications for subdiffusive motion resulting in increased host encounters becomes apparent. In addition, the mucus layer contains a mix of macromolecules including mucin glycoproteins, other diverse proteins, DNA, and polysaccharides, all of which could be expected to affect phage diffusion. Mucosal surfaces, being exposed to the surrounding milieu, experience environmental fluxes that may affect mucus structure and phage particle diffusion. For example, viral production in coral mucus is tightly coupled to temperature and salinity (42, 43) . Temperature, salinity, and pH all affect the attachment of Hoc proteins to the T4 capsid (38) , and thus have the potential to alter both the subdiffusion of phage particles and the frequency of productive phagehost encounters. Alterations of these physical parameters are known to occur in diseased mucosal surfaces [e.g., the high mucin concentrations (>4% wt/vol) and acidified mucosa characteristic of cystic fibrosis] (40, 44) . Although numerous studies have documented the effective use of phages to treat cystic fibrosis-associated bacterial infections (45, 46) , how physical and physiological changes in the lung might affect phage diffusion, the frequency of productive phage-host encounters, and bacterial infection dynamics remain to be determined.
Taken together, this suggests that a tightly regulated symbiosis between phages and their metazoan hosts helps metazoans sustain a healthy microbiome and curbs disease at mucosal surfaces. Within this symbiosis, the glycan-binding proteins of some phages have been fine-tuned to provide a balance between the greater speed of normal Brownian diffusion and the more thorough local searching afforded by subdiffusive motion (Fig. 6B) .
Subdiffusion of phage particles in mucus has important and previously unrecognized implications for phage therapy. We propose that subdiffusive motion, mediated by mucin binding, underlies the ability of T4 phage, in contrast to T4Δhoc, to reduce bacterial colonization of our mucus-producing epithelial surface on a chip. To date, this protection of an epithelial surface by phage has been demonstrated only for T4 phage, which carries the carbohydrate-binding, Ig-like (Ig-like) domains of its Hoc protein exposed on its capsid (11) . Similar protein domains are encoded by ∼25% of the known members of the predominant order of phages (Caudovirales) (47) . Given the enormous diversity of phages associated with mucosal surfaces, we expect many will be found to use Ig-like proteins or other carbohydrate-adherent surface proteins to increase their replicative success via subdiffusive motion (48) (49) (50) . Furthermore, we speculate that their mucin-binding is finely tuned to position the phage particles in the optimal mucus zone where their bacterial hosts reside, further increasing encounter rates.
Phage selection criteria for clinical mucosal phage therapy have been limited to host range, burst size, and growth kinetics-phage characteristics that do not necessarily correlate with in vivo efficacy. An increased understanding of the subdiffusive motion of mucus-adherent phages, combined with physiologically relevant in vitro testing using microfluidic chips, may enable sound prediction and validation of in vivo phage efficacy. Such accurate predictions are essential for the selection or engineering of phages for consistent clinical success. Engineered phages displaying an assortment of BAM domains may allow for unprecedented control to concentrate phages within a mucosal zone that overlaps with bacterial host ranges, leading to personalized therapeutics for mucosal disease.
Materials and Methods
Bacteria Strains, Phage Stocks, Tissue Culture Cell Lines, and Growth Conditions. E. coli B strain HER 1024 was used for all experiments and was grown in LB (10 g tryptone, 5 g yeast extract, 10 g NaCl, in 1 L dH 2 0) at 37°C overnight with shaking. The T4 Hoc phage deletion mutant (T4Δhoc) was kindly supplied by Venigalla B. Rao (The Catholic University of America, Washington, D.C.) (15) . The human tumorigenic lung epithelial cell line A549 was obtained from the American Type Culture Collection and cultured in F12-K media with 10% FBS and 100 μg·mL -1 penicillin-streptomycin. Tissue culture cells were grown in 50 mL Primaria Tissue Culture Flasks (Becton Dickinson) at 37°C under 5% CO 2 .
Microbial Assay of Chips. T4 phages and E. coli B strain were used at a concentration of 1 × 10 7 plaque-forming units (PFU) and colony-forming units (CFU) mL -1 , respectively, for all chip assays. Before all experiments, chips were perfused with antibiotic-and serum-free medium containing T4 phage for 12 h at a flow rate of 100 μL·h -1
. For phage-free washes, chips were perfused with antibiotic-and serum-free medium, and effluent from chips was titered. For bacterial infection, chips were inoculated with E. coli followed by perfusion with antibiotic-and serum-free medium for 18 h. The intact mucosal cell layer was then scraped and bacteria and phage titered.
Multiple Particle Tracking. Five microliters of SYBR Gold-labeled phage suspension (10 9 PFU mL -1
) was added to 45 μL of 0%, 0.2%, 0.6%, 1%, 2%, or 4% (wt/vol) of type II porcine gastric mucin (Sigma) solution in SM buffer supplemented with 1 mM MgSO 4 and CaCl 2 . Solutions were immediately visualized using an Applied Precision OMX structured illumination microscope at 100× (1.40 NA). Movies were captured using Deltavision OMX: 43.5 ms temporal resolution for 100 frames, with >10 analyses per sample. Trajectories were manually tracked in two dimensions using MTrackJ plugin for ImageJ (18), with ∼30 particle trajectories recorded for every analysis. Particle frame number, track ID, x and y coordinates, and time were extracted and analyzed.
Phage Adsorption Assays. Adsorption assays were performed in LB supplemented with 1 mM MgSO 4 and CaCl 2 prewarmed to 37°C, and 1% (wt/vol) type II porcine gastric mucin (Sigma). E. coli B cells (1 × 10 7 CFU mL -1 ) were added to adsorption tubes, vortexed, and CFU titered on LB agar plates at 37°C overnight to ensure accurate bacterial quantification. T4 and T4Δhoc phage (2 × 10 5 PFU mL -1 ) were added to respective tubes, immediately vortexed, and sampled without agitation every 2 min continuously for 10 min. Each phage-bacteria sample was added to another tube containing LB media saturated with chloroform, vortexed, and free phage quantified in duplicate by titering.
